Atherosclerosis and intracranial saccular aneurysms predictably localize in areas with complex arterial geometries such as bifurcations and curvatures. These sites are characterized by unique hemodynamic conditions that possibly influence the risk for these disorders. One hemodynamic parameter in particular has emerged as a key regulator of vascular biology-wall shear stress (WSS). Variations in geometry can change the distribution and magnitude of WSS, thus influencing the risk for vascular disorders. Computer simulations conducted using patient-specific data have suggested that departures from normal levels of WSS lead to aneurysm formation and progression. In addition, multiple studies indicate that disturbed flow and low WSS predispose patients to extracranial atherosclerosis, and particularly to carotid artery disease. Conversely, in the case of intracranial atherosclerosis, more studies are needed to provide a firm link between hemodynamics and atherogenesis. The recognition of WSS as an important factor in cerebral vascular disease may help to identify individuals at risk and guide treatment options. 
R eseaRch over the past few decades has identified numerous risk factors predisposing patients to vascular diseases such as atherosclerosis and saccular aneurysm formation. Factors that are common to both disorders include smoking, hypertension, and familial predisposition. 63, 131 Because the entire vasculature is exposed to the same potentially harmful influences, it might be expected that pathological lesions would be seen in a random distribution throughout the arterial tree. In reality the distribution of such lesions proves to be far from random, and they tend to occur preferentially, with a high degree of predictability, at certain locations. 3, 30 This curious phenomenon has given rise to the hypothesis that unique blood flow patterns in these regions may be a major influence in the pathogenesis of vascular disease. 39 These same mechanisms seem to be at play in the vessels supplying the cerebral circulation. In this paper we review the literature and highlight the importance of WSS in the pathogenesis of clinical entities that affect the cerebral vasculature; intracranial saccular aneurysms and atherosclerosis, the latter including both extracranial (such as CA disease) and intracranial atherosclerosis.
Hemodynamic Forces
In general, blood flow in the vasculature can conform to 1 of 2 patterns: laminar or turbulent. 64 During turbulent flow there is rapid and often random temporal and spatial variation of velocity at any given point. This type of flow is not usually observed under normal conditions in the human vasculature, and it may contribute to vascular disease. 99, 142 Conversely, laminar flow is present in large straight arterial segments under physiological conditions. 69 In this pattern, blood flows in parallel layers without any disturbance between the respective layers. It is believed that this type of flow promotes normal endothelial cell function and reduces the likelihood of vascular disease. 9 In areas with complex geometry such as arterial bifurcations or poststenotic regions, laminar flow may be disturbed, and the emergence of new flow patterns such as recirculation or flow separation may occur. 69, 70, 113, 141 This type of flow cannot be characterized strictly as laminar or turbulent, and therefore, the rather vague term "disturbed laminar flow" has been coined to describe these complex flow phenomena.
The aforementioned flow patterns generate various mechanical stimuli that can be sensed by the blood vessels. 69 Numerous studies have indicated that endothelial cells in particular are sensitive to changes in the prevailing hemodynamic conditions and to the various stresses generated by the nature of pulsatile blood flow.
The most important mechanical forces that have been identified to influence endothelial cells include cyclic stretch, which refers to the elongation that cells are subjected to due to the periodic arterial distention; pulsatile pressure, a force that is applied across the lumen surface as a pressure wave; and finally WSS, the tangential force applied to the vessel wall by blood flow. 5, 31, 91, 132 Of these mechanical forces, WSS has been studied exhaustively and has been shown primarily to affect the behavior of endothelial cells that are directly exposed to it. 5, 69, 74, 121 This stress can be viewed as the frictional force applied to the vessel wall by the movement of blood. The magnitude, direction, and spatial and temporal variations in shear stress are thought to be a strong determinant of vascular health.
The endothelial cell responses to WSS have been investigated in various in vitro and in vivo studies. Most in vitro studies have examined the effects of acute WSS exposure on endothelial cells, and they have revealed a pattern consisting of the stimulation of gene transcription, activation of ion channels, and the reorganization of the cellular cytoskeleton (Table 1) . 5, 27, 43, 74, 76, 116, 127 It has been shown that the MAPK cascade is a key mediator of these effects on the intracellular signaling level. 4, 57, 122 In addition, the magnitude of WSS levels is thought to modulate the activity of the transcription factor NF-kB. 86 Whereas this activation is prolonged under low WSS conditions, NF-kB is transient when endothelial cells are subject to higher levels of WSS. 33 This intracellular activity culminates in the expression of a diverse set of genes, such as TF, PDGF, eNOS, and TGF. 27, 43, 76, 77, 127 Prolonged application of WSS promotes another pattern of cellular responses that approximate those seen under normal circumstances in vivo. When chronically exposed to arterial levels of WSS, endothelial cells undergo an adaptive structural reorganization that ultimately leads to their firm attachment to the substratum and their realignment parallel to the direction of blood flow in an attempt to reduce friction. 25, 26 It should be noted that fluctuations in WSS magnitude that occur due to the pulsatile nature of blood flow do not seem to have an impact on gene expression as long as blood flow remains temporally unidirectional. In addition, sustained arterial levels of WSS have a profound impact on gene expression, promoting upregulation of factors that confer an atheroprotective phenotype, while downregulating transcription of potentially harmful genes. 8, 33, 67, 78, 79, 88, 128 As seen in Table  2 , prolonged WSS may have the opposite effect of acute WSS application on gene expression.
The physiological levels of WSS have been investigated in several studies in humans as well as animals. Under undisturbed laminar flow such as that experienced in the straight segments of large arteries, the time-averaged WSS levels are thought to be ~ 15 dynes/cm 2 .
21 It remains to be clarified whether these levels are prevalent throughout the entire arterial vasculature. This is due to the fact that the average WSS magnitude seems to differ in various arteries depending on their proximity to the aortic root, with arteries located closer experiencing the highest levels of WSS. 21 For example, it has been estimated that the common CA experiences WSS levels ranging from 9.5 to 15 dynes/cm 2 , 97 whereas the superior femoral artery is exposed to levels of 3.9-4.9 dynes/cm 2 . 111 It should be noted that WSS cannot be measured directly, and therefore, the veracity of these calculations relies on the accuracy of flow measurements and the adequacy of the modalities used. It has been suggested that the endothelium actively tries to maintain these normal levels by using various compensatory mechanisms. Low levels of WSS and sustained high levels have been implicated in the pathogenesis of vascular diseases such as atherosclerosis and aneurysm formation, and could explain the surprisingly constant localization of these lesions at particular parts of the vascular system.
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Intracranial Aneurysms
The localization of saccular aneurysms is remarkably stable. Most aneurysms are located in the circle of Willis, and in particular at arterial bifurcations or at the branching points of a parent artery (Fig. 1 left) . 3, 11, 104 Less commonly, aneurysms can appear on arterial curvatures, where they usually form on the outer curve. 3 The circle of Willis is a unique formation that constitutes the major collateral pathway in the cerebral vasculature, supplying blood flow to the outgoing vessels in cases of occlusion.
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It is formed by the confluence of the 3 major intracranial vessels, the 2 ICAs, and the BA. Unfortunately, there are certain characteristics that complicate studies attempting to elucidate the hemodynamic conditions leading to vascular disease. One important factor is the relatively high anatomical variation among humans. According to certain estimates, only ~ 40% of the population has a "textbook" circle of Willis. 58 It is logical to assume that the presence of these variations could have some significance in aneurysm formation due to their influence on the local flow patterns. Indeed, the presence of aneurysms has been associated with anatomical variations in several studies. 61 Alnaes et al. 1 demonstrated this in a CFD study in which they used idealized geometries of the circle of Willis (Fig. 2) . Variations in the circle of Willis geometry and local asymmetries (such as in the bifurcation angles) have a considerable effect on flow patterns, which leads to an increase of WSS levels at branching points (Fig. 3) .
Furthermore, it has been suggested that bifurcations located on the circle of Willis deviate from the established optimality principles. 54 These optimality principles basically predict the geometrical conformation that a bifurcation should assume to achieve minimal energy expenditure. These principles are mathematically expressed in Murray's law, which dictates that the cube of the radius of the parent vessel equals the sum of the cubes of the radii of the daughter vessels. 98 Due to the complexity of the architecture, it is reasonable to assume that different optimality principles prevail in this region. It is worth noting that bifurcations located beyond the circle of Willis closely approximate the predicted conformation according to Murray's law.
Numerous studies have tried to elucidate the inciting events leading to aneurysm formation. 38, 42, 81, 83 Hypertension, smoking, and familial predisposition have all been identified as risk factors. 63 On a histopathological level, the apex of bifurcations in the cerebral vasculature differs from most large arteries, because the median muscular layer is usually absent. 15, 34 In addition, cerebral ves-sels exhibit a fragile and/or absent external elastic lamina and lack firm support from the perivascular tissue, thus rendering them susceptible to injury from mechanical forces. 72 These observations have led to the hypothesis that structural wall abnormalities and defective collagen and elastin are the culprits in aneurysm initiation. 46 Indeed, histological studies have shown that healthy circle of Willis vessels, unruptured aneurysms, and ruptured aneurysms display different levels of structural protein expression. 62 This of course does not provide a causative link, but underlines the importance of these structural proteins in aneurysm pathogenesis.
If inherent structural abnormalities are the primary cause of aneurysm initiation, then it would be reasonable to assume that variants in genes controlling vascular wall integrity would significantly increase the risk of aneurysm formation. In the past, research has focused on well-described genetic syndromes that have been clinically associated with the presence of ISAs. In the majority of these syndromes, the genetic aberration results in a deficiency in the structural integrity of connective tissue. For example, autosomal dominant polycystic kidney disease has been strongly associated with the appearance of aneurysms (2-10% of all patients). 24, 129 Patients with this disease have a defect in the gene encoding polycystin, a protein that is involved in maintaining the integrity of the extracellular matrix components in connective tissue. 24 Despite the increased frequency of ISAs in this subgroup of patients, most of the aneurysms detected are small and have little likelihood of rupturing, rendering intervention in most cases unnecessary or even risky. In addition, these patients experience the onset of hypertension from an early age, and this in turn predisposes them to the emergence of ISAs. Therefore, even though a defect in connective tissue synthesis is probably the most important contributing factor to ISA pathogenesis, it is likely that without sustained hypertension, ISA formation would be less frequent. Other monogenic syndromes have also been associated with the development of aneurysms (specifically, Ehlers-Danlos Type IV and Marfan syndrome). 29, 89 In both cases, genetic defects concern connective tissue constituents (Type III collagen and fibrillin, respectively).
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Following this reasoning, various linkage studies have attempted to find loci in the genome associated with aneurysm formation. It has been suggested that an area near the elastin gene is linked to the presence of aneurysms, and subsequent genetic association studies have uncovered a possible association between nucleotide polymorphisms of introns and exons of the elastin gene and aneurysms. 92, 109 However, other studies have not been able to verify these claims regarding the elastin gene, which might reflect differences in the genetic makeup of different ethnic populations. 68 On a similar note, even though collagen deficiency may play a part in aneurysm pathogenesis, no conclusive evidence of the role of genetic mutations in the collagen gene has been offered.
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A recent genome-wide association study has indicated that aneurysms may arise as a result of stem cell-induced maldevelopment.
10 According to this theory, in people with this genetic predisposition, stem cells are not in a po- sition to appropriately repair aberrations that have resulted from a vascular insult. Therefore, aneurysms should be viewed as the result of a maladaptive response by the organism's natural repair mechanisms. Previous studies give credence to this hypothesis. Nevertheless, it is still likely that different genetic deficiencies are responsible for aneurysm formation in different subsets of patients. However, this study offers valuable insights into the genetic component of aneurysm pathogenesis, and indicates that structural aberrations are probably not the sole factor behind aneurysm formation. Further research on the genetics of aneurysms will certainly uncover novel targets for diagnosis and therapy. Succinctly, genes predisposing to aneurysm initiation fall into 3 basic categories: 1) genes that control arterial wall integrity; 2) genes involved in repair mechanisms; and 3) genes possibly involved in the modulation of the inflammatory response.
Interestingly, modulation of gene expression by WSS has long been considered an important contributing factor to aneurysm pathogenesis. Fluctuations in the levels of WSS have been shown to influence the production of NO from the cellular components of the vascular wall. On a molecular level, NO is considered to be a key factor in the pathogenesis of ISAs. 84, 134 Under physiological conditions, NO has multiple roles in the maintenance of vascular homeostasis. Nitric oxide is a modulator of vascular tone promoting vasodilation, it inhibits the proliferation of smooth-muscle cells, and has an inhibitory effect on several proinflammatory factors.
2 In endothelial cells, NO is constitutively produced by eNOS, which in turn is responsive to shifts in hemodynamic forces. 79, 128 Extensive research has been conducted on the effect of hemodynamic forces on the activation and function of eNOS. Shear stress exerts a profound effect on eNOS levels and its functionality. 6 In particular, under unidirectional laminar flow conditions, normal levels of WSS lead to a sudden increase in eNOS activity (through phosphorylation), which results in a transient increase of NO. 6, 79 These actions are thought to be mediated through an MAPK pathway. In cases of inflammation or vascular injury, NO production can increase dramatically due to the action of iNOS.
2 Under these conditions iNOS transcription is stimulated, and this results in the vast production of NO.
Although the aforementioned properties hold true under normal levels of WSS, few studies have attempted to elucidate the role of NO under chronically elevated levels of WSS, which are thought to be prevalent in areas of ISA development. It has been shown that eNOS production and activity is significantly increased at supraphysiological levels of WSS (WSS > 30 dynes/cm 2 ), and this is paradoxically accompanied by an increase in endothelial cell proliferation and a reduction in its apoptosis (normal sustained levels of WSS inhibit endothelial cell proliferation). 84 This mechanism can be construed as an effective adaptive response to an extreme hemodynamic environment. Excessive levels of WSS can lead to denudation of the endothelial cell barrier, and therefore, enhanced proliferation can serve as a mechanism to compensate for this type of injury. However, it has been documented that areas that are subjected to chronically elevated levels of WSS are prone to high cellular turnover and endothelial cell depletion, which are accompanied by a reduction in eNOS expression and activity. 41, 83 Therefore, it would be interesting to uncover which factors result in a breakdown of this effective adaptive mechanism, predisposing to aneurysm initiation. It has been suggested that the coexistence of established risk factors such as hypertension can cause endothelial cell dysfunction and a subsequent decrease in eNOS activity. 84, 108 Of particular interest is the observation that the WSS gradient may be responsible for the observed defects. In in vivo models of ISA initiation, it has been shown that the combination of high WSS and WSS gradient lead to structural aberrations that resemble the initial stages of aneurysm development. 134 It has been suggested that high WSS gradient in the presence of high WSS promotes a loss of intercellular adhesion, which in turn causes endothelial cell dysfunction and a loss of eNOS activity. Even though these observations are intriguing and highlight the fact that the WSS is not the only factor dictating cellular function, further research will be necessary to validate these propositions.
Surprisingly, iNOS does not seem to be necessary for ISA initiation, but may have an impact on further enlargement and development. In iNOS knock-out mice, the incidence of aneurysms was not significantly different compared with that of their wild-type counterparts; however, a significant difference in size was observed.
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Therefore, the excessive production of NO through iNOS does not seem to be a prerequisite for aneurysm initiation, but may play an important role in subsequent progression. Nevertheless, the deletion of the iNOS gene could have an impact during embryonic vascular development, and therefore, iNOS knock-out models may not be a representative model of aneurysm development.
Most studies examining the role of WSS in aneurysm pathogenesis have analyzed data acquired from patients by using various imaging modalities such as intracerebral angiography and MR imaging to establish a correlation between geometrical features and aneurysm formation.
52,54,60 These cross-sectional studies provide valuable information, but fall short of providing a causative link. Patient-specific data have also been used to create realistic computer simulations of intracerebral flow dynamics. The CFD studies use data collected from imaging modalities and simulate the complex interactions between blood flow and the vessel wall. One of the major advantages of this method is that it allows for the indirect estimation and spatial distribution of WSS in the modeled vascular segment. Although CFD studies offer valuable insights, questions remain regarding their accuracy. The emulation of in vivo conditions is restricted by the boundary conditions set in the beginning. To make the calculations feasible, certain simplifications are made, such as simplifying the material properties of the vessel wall or treating blood as an "ideal" (Newtonian) fluid. Despite these limiting factors, CFD studies are considered a valid tool for investigating flow dynamics.
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The apices of arterial bifurcations are the most common sites for aneurysm formation.
3 A number of studies have indicated that these areas are characterized by high levels of WSS and pressure. Animal models of aneurysm formation have been used to discern which hemodynamic factors predispose to aneurysm initiation.
66,81-83 Meng et al. 82 created new arterial bifurcations in dogs and examined the correlation between blood flow patterns and histopathological changes. Their results reveal that areas directly adjacent to the flow impingement zone are subject to high levels of WSS, whereas the impact site experiences normal or even low levels of stress (Fig. 4) .
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These different hemodynamic profiles were accompanied by different histopathological changes. Areas exposed to high shear stress exhibited destructive tissue remodeling, whereas hyperplasia was prevalent at the impact site. Interestingly, these studies demonstrated that only areas that exhibited concurrent high levels of WSS and WSS gradient are susceptible to aneurysm initiation, indicating that a high gradient is one of the factors responsible for producing the cellular and histological changes necessary for ISA pathogenesis. 82, 83, 134 In a simpler animal model, an increase in BA flow was sufficient to produce a nascent aneurysmal bleb and destructive histological remodeling at the BA apex, thus providing further support for the theory that high WSS is a prerequisite for aneurysm initiation.
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It is therefore reasonable to assume that deviations from the optimal geometrical configuration that lead to an increase in WSS could predispose to aneurysm formation (Figs. 3 and 4) . As discussed above, a considerable proportion of the population has a circle of Willis that deviates from the expected geometry, and this in turn could affect aneurysm risk. 61 In clinical studies, associations have been noted between the presence of aneurysms and deviation from optimal geometrical parameters such as branch angles and vessel radii.
12,54 According to these hypotheses, asymmetries in the local geometry create areas of abnormally high WSS levels, thus causing endothelial injury and a maladaptive response that ultimately leads to aneurysm formation. 54 The CFD studies offer supporting evidence, because anatomical variations in the circle of Willis seem to affect the magnitude and the spatial distribution of WSS.
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Even though there seems to be general consensus on aneurysm initiation, aneurysm growth and rupture risk pose more vexing questions (Fig. 5) . As previously mentioned, high sustained WSS levels are assumed to be a prerequisite for aneurysm initiation. Evidence from several studies suggests that the same prevailing conditions are necessary for aneurysm growth. 37, 49 According to this theory, the distal neck of the aneurysm wall is the impact site for the high-velocity blood flow, and a force is exerted perpendicularly to the wall. Areas directly adjacent to the impact site are exposed to high levels of shear stress. In this complex hemodynamic environment, it is difficult to discern which of these factors provides the necessary stimulus for further aneurysm development. Previous studies indicated that the direct perpendicular force applied to the wall (normal stress) was an important factor behind aneurysm evolution. 37 This perpendicular force results from the high blood momentum and its subsequent rapid deceleration, and should be interpreted as a local pressure increase at the site of impact.
Other studies, though, have underplayed the importance of this local pressure increment and instead stressed the importance of high WSS at the areas adjacent to the impact site.
49,118 Specifically, Hoi et al. 49 used a 3D computational model to study fluid dynamics in an aneurysm on a curved vessel. Their model predicted that WSS levels are abnormally high near the impact site, whereas the perpendicular inertial pressure exerted by the blood flow is only minimally increased. Geometrical features that increased the area of the impact site included a greater arterial curvature and an increased aneurysm neck size, which has been confirmed in a subsequent study. 47 In this particular model the aneurysm wall was assumed to be rigid, and this could lead to an underestimate of WSS levels. According to this model, the aneurysm wall undergoes a remodeling process to lower WSS levels. During this stage, the aneurysm incorporates a segment of the healthy parent artery, which ultimately results in an increase in the neck size. This sets in motion a self-perpetuating cycle in which the increase in neck size causes an increase in the impact zone, and therefore, the WSS levels remain high, further fueling this maladaptive remodeling. Surprisingly, data from other studies implicates low WSS levels in aneurysm growth. 13, 117 In a developed aneurysm, areas of stasis can be observed in particular at sites close to the dome. Typically, low levels of WSS are associated with atherogenesis, but advocates of this theory point out that the histological changes that are induced by the local stagnation could fuel aneurysm growth and possibly subsequent rupture. Decreased WSS levels have been associated with local inflammation and endothelial cell dysfunction. These events could possibly lead to a weakening of the vessel wall, predisposing it to further injury and rupture. Bearing in mind that low WSS is associated with atherogenesis, this theory fails to explain the fact that atherosclerosis is a relatively rare finding in aneurysms. However, the histological characteristics of the aneurysm wall are qualitatively different from those of a normal vessel, and therefore, it may react differently to low levels of WSS. 40, 65 Despite the conflicting data on the matter, it is possible that both high and low WSS play an important role in aneurysm progression. Moreover, most of the aforementioned studies assume that WSS in the intracranial arteries is in the range of 15 dynes/cm 2 , which in fact may not be valid, because WSS levels are probably not constant in the arterial system. 21 Therefore, claims regarding "high" or "low" WSS levels should take this possibility into account. In addition, CFD studies that have used patient-based data to reconstruct aneurysms have exhibited considerable interindividual variability, which is accompanied by different hemodynamic profiles. 16, 23, 117, 120 Therefore, it is challenging to discern the exact hemodynamic conditions inciting growth and predisposing these lesions to rupture.
The role of WSS in rupture has not been conclusively elucidated. Rupture itself is a conspicuously rare event, and therefore, uncovering the mechanisms that underlie this phenomenon would be of great clinical importance. The site and size of the aneurysm have been used to guide clinical judgment in its treatment. 135 In a comprehensive CFD study, Hassan et al. 47 showed that different hemodynamic profiles are associated with rupture risk in aneurysms with different geometrical characteristics. In widenecked aneurysms, high WSS is probably the driving force behind wall degradation at the flow impingement site and behind predisposition to rupture (Fig. 4) . Conversely, low WSS is the likely culprit in narrow-necked aneurysms producing areas of stagnation near the fundus. Apart from WSS, other biomechanical forces such as wall tension might well play a critical role. It has been suggested that deviations from a spherical shape result in an asymmetrical distribution of wall tension in the aneurysm. In this environment, areas of irregular wall tension appear and seem to influence rupture risk.
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Research data strongly indicate that deviations in WSS are a prerequisite for aneurysm initiation, growth, and rupture. It should be noted, however, that there are certain limiting factors in the study of WSS in regard to aneurysm growth, which primarily consist of the assumptions made regarding the material properties of the aneurysm wall. Assumptions need to be made because noninvasive techniques cannot be used, and invasive techniques have obvious disadvantages. A new generation of models needs to be developed that will also take into consideration the complex interaction between the material properties of the aneurysm wall and the prevailing hemodynamic conditions. 53 Despite the obvious shortcomings of aneurysm models, they have provided invaluable insights into the pathogenesis of these lesions, and their further refinement could help in guiding clinical decisions regarding treatment.
Atherosclerotic Lesions
Atherosclerotic lesions show a predilection for particular parts of the vascular system, especially areas near arterial branching points (Fig. 1 right) . These sites give rise to unique flow patterns such as flow stasis and recirculation. 70, 142 Atherosclerosis is usually situated on the outer walls of an arterial bifurcation, where those unique hemodynamic conditions are prevalent. 48 Under these conditions the WSS departs from its physiological levels. Studies have shown that in these anatomical locations the magnitude is considerably lower while the shear stress vector is subject to temporal changes. 70, 142 Endothelial cells exposed to this altered mechanical environment respond by adopting a more circular shape and losing the streamlined alignment that is observable in areas of high WSS. 25 This disruption makes the endothelial cell layer more permeable to low-density lipoprotein particles, and thus more susceptible to atherosclerosis. 44 In addition, endothelial cells upregulate the expression of genes involved in various processes such as cell growth, inflammation, and coagulation, while an increase in reactive oxygen species is observed (Fig. 6) .
14,28,85 A key mediator of the effects of low WSS is NO, whose production and activity is significantly reduced. 22, 119, 143 Nitric oxide has multiple antiatherogenic properties, such as inhibition of thrombosis and inflammation, both processes implicated in atherogenesis.
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The CA bifurcation has served as a prototype for the study of disturbed flow patterns. Its ease of accessibility in combination with its clinical relevance in cerebroocclusive disease has made it the object of intense investigation. 70, 73, 80, 87, 90, 111, 114, 115 Even though it has been used to study arterial bifurcations in general, it does possess one salient feature. A local dilation is situated at the proximal part of the ICA-the CA sinus, which renders the bifurcation inherently asymmetrical. The CA sinus has a crosssectional area twice as large as the distal segment of the ICA, and this, in association with the branching angle, promotes flow separation. 48 Skewing of blood velocity is observed, and therefore, the point of maximal velocity is not situated at the center, as in straight arterial segments, but it shifts toward the inner wall of the ICA and ECA. 87, 90, 142 In addition, secondary flow patterns emerge in the ICA. 59, 69, 87, 142 These patterns of disturbed flow are usually located on the outer wall of the sinus, and they generate low and oscillating levels of WSS (Fig. 7) .
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On the contrary, the apex of the bifurcation and the inner wall of the ECA are sites of high WSS, which act protectively against atherogenesis.
141 Cross-sectional studies in patients have indicated that the areas of low and/ or oscillating WSS levels closely match areas of plaque formation, with the outer wall of the proximal ICA being primarily affected, whereas areas beyond the CA sinus are usually spared.
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Carotid artery atherosclerosis is a dynamic process that can lead to lumen stenosis. This focal narrowing can change the geometrical parameters of the bifurcation.
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Extensive stenosis in the CA sinus can cause, as is expected, a local increase of WSS. Assuming that high WSS is atheroprotective, narrowing of the lumen should theoretically halt or even reverse plaque progression. Results of CFD studies, however, indicate that increases in WSS are not uniform and that areas of low shear stress remain.
This fact is of clinical relevance because persistence of low and oscillating shear stress in advanced atherosclerotic lesions has been correlated with areas of increased plaque vulnerability. 75 These islands of low WSS show interindividual variability and obviously depend on the specific characteristics of each stenotic lesion. In addition, stenosis can also change the distribution of disturbed blood flow to include areas previously subject to undisturbed laminar flow. This phenomenon could explain the presence of atherosclerotic plaques in regions such as the inner wall of the proximal ICA or the apex of the bifurcation in advanced CA disease.
Even though the CA bifurcation is prone to atherosclerotic changes, most people do not develop clinically significant CA disease. Past studies in healthy volunteers and in patients with CA disease have shown that there is a considerable interindividual variability in geometrical characteristics, which in turn influences the risk of disturbed flow in the bifurcation. 73, 80, 114 However, both sex and age seem to have an effect on anatomy, and therefore, studies that do not take these factors into account may overestimate variability. 111, 115, 124 Women have a larger-diameter ICA/common CA ratio, and as a result experience a smaller flow into the ECA. 115 The differences in the incidence of CA disease between males and females have been attributed mostly to differences in hormone-related physiological characteristics. 106, 130 This study raises the possibility that anatomical variation may be responsible for the observed discrepancy. As previously stated, women experience a greater relative flow in the ICA compared with men; however, they have a smaller inflow into the ECA. Both these facts might explain the preponderance of CA disease in men and the observation that women suffer from localized ECA atherosclerosis more frequently. Evidence from cross-sectional studies indicates that bifurcation angles increase with age.
125 This could be a contributing factor in CA disease development later in life; however, prospective studies will be needed to elucidate whether interindividual anatomical variation early in life is a key determinant of CA disease risk.
Apart from lumen stenosis, other geometrical characteristics may have an influence on flow patterns. Various parameters have been investigated and proposed as plausible indicators of susceptibility to atherosclerosis, including bifurcation angle, planarity, differences in area ratios, and tortuosity (Fig. 2) . 36, 45, 59, 73, 90, 107, 125 Increases in the bifurcation angle have been linked to atherosclerosis risk, even though a recent parametric CFD study in which a multivariate regression analysis model was used concluded that only tortuosity and proximal area ratios were significant determinants of disturbed flow patterns.
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Another interesting feature of the cerebral vasculature is the vertebrobasilar junction. The vertebral arteries merge, creating the BA, a unique example of a 2-vessel confluence in the arterial system. From a geometrical perspective, the junction shares common features with any arterial bifurcation, with the notable exception that blood flows in the opposite direction. Similarly to bifurcations, the junction exhibits a predictable distribution of nonuniform flow patterns. In contrast to arterial bifurcations, areas of low WSS are found at the apex of the junction and on the lateral walls of the BA. [101] [102] [103] Plaques are accordingly found in these sites. Alteration of geometrical parameters also influences the areas of low WSS. It has been shown that the angle of confluence of the 2 vertebral arteries and the shape of the apex influence local flow conditions and therefore the magnitude and distribution of WSS.
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Intracranial atherosclerosis had been neglected in the past as an important cause of cerebroocclusive disease. It has been estimated that intracranial atherosclerosis is responsible for 10% of all ischemic strokes in the US, whereas it is considered to be the most common subtype of stroke worldwide. 139 Epidemiological data have shown that there are considerable racial differences in the prevalence of intracranial atherosclerosis. This type of atherosclerosis is more common in the African American and Asian populations than in people of Caucasian origin.
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The causes for this racial differentiation remain poorly understood. Is it possible that racial differences in circle of Willis anatomy, and therefore hemodynamic patterns, could be responsible for the observed discrepancy? Previously published postmortem data suggest that racial variations in the circle of Willis are not significant and therefore are an unlikely explanation for the interracial differences in intracranial atherosclerosis prevalence.
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The ICA is the artery most commonly involved, and particularly the CA siphon (cavernous portion); this is the S-shaped portion of the ICA, which includes the cavernous and supraclinoid segments (Fig. 1) . 35, 94 The CA siphon features 2 bends, thus creating a complex hemodynamic profile and a nonuniform distribution of WSS, where levels range from abnormally high (thus predisposing to aneurysm formation) to low levels inciting atherosclerotic changes. 96 In a single arterial curve, low WSS is situated at the inner curve, and therefore the localization of atherosclerotic lesions is relatively predictable. Conversely, the presence of 2 bends and the course of the siphon in a 3D space make flow patterns complex and the distribution of WSS difficult to ascertain. 51 Recent in vivo data acquired using MR imaging highlight this complex hemodynamic environment, with helical flow being the predominant pattern in this arterial segment, in contrast to the straight segment of the ICA, where velocity follows a parabolic profile. 136, 140 However, due to the limitations of these studies, the estimation of various parameters such as WSS could not be deduced. An earlier CFD study has indicated that low and oscillating levels of WSS develop, as expected, in arterial segments with extensive curvature such as the CA siphon.
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Apart from the CA siphon, intracranial atherosclerosis can also affect other parts of the cerebral vasculature (Fig. 1 right) . As is the case in the rest of the arterial system, the branching points of the large arteries seem to be the most vulnerable sites for development of atherosclerosis. 7, 94 Areas commonly affected include the BA bifurcation, the ICA bifurcation, and various locations along the MCA. Distribution of WSS in the circle of Willis correlates well with the localization of atherosclerotic lesions in this region, but more conclusive data need to be obtained to solidify the correlation between areas of low WSS and atherosclerosis development.
Despite the relative paucity of studies examining WSS in the normal circle of Willis, 2 recent CFD studies have given us an insight into the prevailing hemodynamic conditions in cases of preexisting intracranial stenosis. 112, 113 These studies have revealed an extreme hemodynamic environment that is subject to both spatial and temporal changes. The stenotic region experiences supraphysiological levels of WSS, whereas the immediate poststenotic region is characterized by flow separation and recirculation, which cause low fluctuating levels of WSS.
112 Both the stenotic and poststenotic region were shown to be a highly dynamic flow environment where WSS is characterized by abrupt changes in magnitude and direction during the cardiac cycle.
The aforementioned studies indicate that WSS can be used indirectly to identify regions predisposed to development of atherosclerosis. In the case of extracranial atherosclerosis, patterns of disturbed flow and low levels of WSS have been convincingly correlated to the presence of atherosclerotic lesions, and may at some point serve as a clinical marker to identify individuals at high risk. Conversely, intracranial atherosclerosis poses diagnostic challenges that thus far have delayed and confounded the design and implementation of studies trying to elucidate the role of WSS in ISA pathogenesis. The limited number of studies has thus far suggested that the study of the local hemodynamic environment may be of clinical relevance.
Conclusions
As blood flows through the arteries, the cellular constituents of the vascular system are exposed to a variety of mechanical stimuli. Shear stress has emerged as an important determinant of arterial physiological characteristics affecting a wide range of cellular functions, from gene expression to cellular alignment, and studies have highlighted its importance in diseases such as intracranial aneurysms and atherosclerosis. Despite its unique features, the cerebral vasculature does not constitute an exception to this observation. Even though newer tools such as CFD simulations have vastly enhanced our understanding of hemodynamic conditions in the cerebral vasculature, numerous questions remain to be answered. The architecture of the circle of Willis seems to influence the distribution of hemodynamic forces significantly, and despite numerous efforts, no definite picture has yet emerged. Elucidating the local conditions prevalent in the circle of Willis will further our understanding of the pathogenesis of both ISAs and atherosclerosis. In the case of aneurysms, perhaps the most vexing question regards progression, because the literature is divided on this topic. Is high WSS responsible or is low WSS paradoxically involved? In the case of atherosclerosis, can observations made in the extracranial vasculature concerning the interplay between WSS and atherosclerosis be used in the intracranial vessels, or do different principles apply? The juxtaposition of aneurysm and atherosclerosis pathogenesis highlights that these 2 distinct vascular disorders have certain common origins, and insights learned from one can elucidate the inner workings of the other. Therefore, any theory explaining vascular disease should incorporate them into a unified framework. 55, 126 Apart from furthering our understanding, this conceptual framework will help in the identification of susceptible individuals and assist in clinical management of the disease.
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